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Abstract
Accreting x-ray binaries are sometimes observed to emit compact, relativistic jets of
cool plasma; these objects are called "microquasars". It is possible that these jets
are resposible for a large flux of galactic cosmic ray protons and nuclei. The energy
spectrum from these sources will be very different from the featureless power-law
expected from ordinary cosmic-ray acceleration in supernova shocks. The AMS-01
instrument measured cosmic ray protons and helium during 10 days on the Space
Shuttle Discovery in 1998; we analyze this data searching for spectral distortions due
to nearby microquasar activity. We show that the microquasar contribution to the
CR proton flux can be no more than 2% in the range 2-50 GeV.
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Chapter 1
Introduction
And evermore, wher ever that they gon,
Men may them knowe by smellyng of brem-stoon;
For al the world thay stynken as a goat;
Their savour is so rammyssh and so hot,
That though a man fro them a myle be,
The savour wil infecte him, truste me.
Lo, thus by smellyng and by thred-bare array,
If that men list, this folk they knowe may.
---Chaucer, The Yeoman's Tale
The study of cosmic rays (CR) has contributed to many fields of physics-starting,
of course, with particle physics, as it was in cosmic rays that the "particle zoo"
was first uncovered. Over the last fifty years, studying cosmic rays has touched on
particle physics, solar physics, plasma physics, the origin of heavy elements, supernova
physics, neutrino physics, the nature of Galactic magnetic fields, the question of
baryogenesis, and even geology and Egyptology. Further study of cosmic rays may
solve the mystery of the nature of dark matter, the existence of topological defects
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and superheavy particles, and perhaps even the Majorana or Dirac nature of the
neutrino, and violations of Lorentz invariance.
The basic observable quantities in the study of CR are simply the particle composition-
numbers of protons, nuclei, electrons and positrons-and the energy spectrum of
each species. These observables can be related to the fundamental physics questions:
Where do CR come from? How are they accelerated? How do they propagate from
their place-of-origin, to our instruments?
One basic theoretical model has largely achieved concordance on all of the observed
data. In this model, the CR are accelerated by "lst order Fermi acceleration" at
supernova shock fronts. This simple mechanism, with no fine tuning, predicts a
single power-law energy spectrum over a very wide range of energies, which is in
fairly good agreement with observations. The CR propagate diffusively through the
Galaxy, following magnetic field lines and scattering off of magnetic discontinuities.
During this long journey, the particles can lose energy by scattering off of gas in the
interstellar medium (ISM); they can also lose or gain energy in certain magnetic field
structures. Finally, the particles reach the Solar System, cooling somewhat as they
penetrate the solar wind, and finally come towards Earth, their trajectories bending
in the Earth's strong geomagnetic field.
Using this picture, we can account for the basic CR proton spectrum; the spectra
of all CR nuclei including primaries, spallation products, and radioactive species;
and the spectra of positrons and antiprotons. It also agrees well with astronomical
constraints, like synchrotron emission from CR electrons, and gamma rays from pion
production by CR protons on the ISM.
However, it is not necessarily the whole story. In particular, there are other astro-
physical objects and phenomena, other than supernova shocks, which can accelerate
particles. These mechanisms predict different spectra and different compositions-not
as alternatives to the 2nd order Fermi mechanisms, but as additions to it. Searches for
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new sources are common at the high end of the spectrum (e.g. high-energy positrons
from darkmatter annihilation). In this work, we search for evidence of a new source
of medium-energy (1-10 GeV) CR.
As noted by Sebastian Heinz and Rashid Sunyaev, an object called a microquasar
is known to be a powerful particle accelerator in our own galaxy. Microquasars
are galactic, stellar-scale analogues to the extragalactic, supermassive black holes
called quasars. They are thought to arise from a rotating black hole or neutron
star, accreting material from a binary companion. Heating and magnetization of the
accretion disk generates collimated outflows, called jets. These jets appear to be-at
least in some cases-simple bulk particle flow with Lorentz factors as high as -y - 10.
While a plasma physicist might view this outflow as, say, just an ionized gas
cloud with a large peculiar velocity-it is also possible to view it as a collection of
relativistic protons, electrons, and ions: i.e., cosmic rays. Considered as cosmic rays,
we see immediately that the source is monoenergetic; all particles (and all particle
species) in the same microquasar jet will share the same Lorentz factor.
If there is (or recently was) a relativistic microquasar sufficiently near Earth, then
this would create a bump on the otherwise-smooth powerlaw spectrum of cosmic rays
at Earth. By making a precision measurement of the cosmic-ray spectrum, we may
be able to observe such a bump, and thus discover or rule out the existence of nearby
microquasars.
In Chapter 2, we review the sources and acceleration of ordinary cosmic rays.
These CR are the "background" for our microquasar search. In Chapter 3 we describe
microquasars themselves, including the mechanism for CR production in the jet.
Chapter 4 introduces the AMS-Ol1 cosmic ray instrument; Chapter 5 shows data
analysis techniques specific to a precise measurement of the CR proton spectrum.
Chapter 6 presents the new spectra and some limits on the existence of a bump.
Chapter 7 utilizes our new CR measurements to state new astrophysical constraints
21
on microquasars near Earth, and speculates on the capabilities of the next-generation
cosmic ray spectrometer AMS-02.
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Chapter 2
Ordinary cosmic rays
Cosmic rays measured above the Earth's atmosphere have long been known to have
a powerlaw distribution[35]: flux P = a E7, where E is the kinetic energy and the
spectral index y is a constant - -2.7. This single powerlaw holds over a huge range
of energies, from - 0.1 to 106 GeV[15]. More recent work [56] shows several features
at higher energies: the "knee" at 106- -107 GeV, perhaps an "ankle" at 109, and (a
topic of some dispute) the GZK Cutoff at 5 x 1010 GeV. Additionally, lower-energy
cosmic rays (from 100 MeV to non-relativistic energies) are observed, sometimes with
complicated distributions. These ranges are summarized in Table 2.1. In this work,
we are interested in the region between 1 and 10 GeV, where we would expect to see
a feature due to microquasar jet CR.
Table 2.1: The origin of cosmic rays from 0 to 1021 GeV [16]
Energy Origin Acceleration
1-100 MeV Solar Magnetic reconnection
0.1-106 GeV Galactic Fermi I, Supernova shocks
107 GeV-1010 GeV Galactic Fermi I, "superbubbles"
1010 GeV-10 11 GeV Extra-galactic? unknown
011 GeV Extra-galactic Possibly at odds with GZK process
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The standard model for cosmic ray acceleration is the first-order Fermi (Fermi
I) process in astrophysical shocks, especially supernova shocks. The Fermi I process
has two robust features, independent of most astrophysical details: the spectrum
is a featureless powerlaw in rigidity, and the spectral index is in neighborhood of
2 for relativistic shocks. We briefly discuss this model. For a detailed pedagogical
discussion please refer to [16][31] [46]; for a current overview of cosmic ray data please
see [34].
2.1 Particle acceleration at relativistic shocks
A shock is the interaction between two clouds of gas, when one cloud is moving rela-
tive to the other at greater than the speed of sound in either gas. Information about
the speed of one gas cannot propagate to the other; in a low-velocity cloud, this
propagation would be by pressure waves or magnetohydrodynamic waves, which are
limited to the sound speed or the Alfven speed' respectively. Absent this propaga-
tion, the interface between the clouds takes the form of a geometrically thin shock;
from one side of the shock to the other, the gas's bulk speed, density, and mag-
netic fields are discontinuous. The shock itself must move through space in order for
the gases to conserve energy and momentum; the continuity/conservation equations
called Rankine-Hugoniot conditions.2
Consider a test particle with velocity /3 and kinetic energy Ek = mc2 ( / 1- 1)
crossing from the upstream region (say, a supernova wind) with speed f3 into the
downstream region (say, the interstellar medium at rest). A wind particle begins
approximately at rest in the upstream rest frame, but in the downstream frame it is
1The Alfven speed is a characteristic speed for coupled magnetic field/particle density waves in
a magnetized plasma. In typical astrophysical plasmas, it is faster than the speed of sound.
2 Astrophysical shocks are qualitatively similar to the shock waves in front of supersonic aircraft,
and other similar phenomena. The continuity/conservations requirements are analagous.
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a high-energy particle with = 0,[17]. This particle travels diffusively around the
downstream region, without losing energy, by scattering off magnetic field irregulari-
ties. This particle may escape to infinity, retaining / =/3w and Ek = mc2 ( ,-1).
It may re-cross the shock region and encounter the wind again; if it does, its new rest
frame is Lorentz boosted by w, the particle's energy is now Ek = Ek(1+ 4 ) with re-
spect to the wind (by the Lorentz velocity addition formula, averaged over angles) [46].
It again travels diffusively, and may recross the shock region and encounter another
boost.3
Thus, higher and higher energies are achieved when particles cross and recross the
shock region. The probability that a test particle will re-cross the shock region is ba-
sically geometrical, and to some extent energy-independent, as long as the particle's
typical gyroraclius remains smaller than the typical size of the system. If the prob-
ability of recrossing (rather than escaping to infinity) is b, then the probability 4 to
make N crossings before escaping is P(N) = bN. The energy gain on each crossing is
a constant fraction of the kinetic energy A = E0o 4 - , so the energy after N crossings
is Ek(N) = Eo(l + A)N. This yields a powerlaw probability distribution in energy,
of the form P(Ek) = bEn(E(l+ A)). This problem can also be solved "continuously",
whereupon it takes the form of a convection/diffusion equation in momentum space
[59]. The powerlaw spectral index is shown to depend only on the compression ratio,
suggesting that a wide range of sources, with different shock strengths and speeds,
can yield similar spectral indices around y = -2 if the plasmas involved have an ideal
gas EOS 5 .
3It is important to note that the particle does not thermalize with either rest frame - these are
diffuse and "collisionless" plasmas. However, the magnetic field structures, which serve to isotropize
the particles, are pinned to the moving plasma. These fields provide the two moving "rest frames"
which toss the particle back and forth to one another.
4If the size of the shock front is much larger than the CR diffusion length scales (mean free path,
turbulence length scales, and gyroradiius), then b=0.5.
5 The observed spectral index is closer to -2.7; the extra steepness in the spectrum is due to the
escape of higher-energy cosmic rays from the Galaxy itself.
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This process can achieve very high energies. The high-energy limit comes from
the finite size of the system versus the increasing gyroradii of extremely high-energy
particles. Typical sizes and field strengths for a supernova shock might be -1 parsec
and 100 pgauss [59]. Moreover, the acceleration can be very efficient; as much as
5-10% of the wind kinetic energy may be tranfered to particles with energies > 100
MeV.
A supernova shock can continue accelerating particles efficiently for many thou-
sands of years; The Crab nebula, for example, is the remnant of a supernova from the
year 1054 [3]. It is now visible as a shell-shaped shock front -3 parsecs in diameter,
where the supernova-expelled gas with 3 1800 km/s meets a cool molecular cloud
at rest, and it is still thought to be a CR acceleration site [1].
2.2 Galactic cosmic ray transport
Cosmic rays must travel great distances through the galaxy after their original ac-
celeration. The space they inhabit is not empty; there are magnetic fields, both
coherent and turbulent/disordered; there are clouds of gas and dust; there are CMB
and starlight photons; there are probably many weak relic shock structures from old
supernovae and winds. All of these complicate the motion of CR through the galaxy.
In particular, we are concerned with how far our CR can propagate from their parent
microquasar; and we are concerned with acceleration and deceleration of CR which
may widen or distort our initially-narrow signal distribution. Galactic magnetic fields
are of order / 1 g in strength, so the Larmour radius of CR from 1-100 GeV is of
order 106 - -108 m. In this regime, the best description of cosmic ray transport
is a diffusional one. Viewed locally, a CR particle will travel in a helix around one
field line; they may jump sideways across lines when the fields are curved or kinked.
Since the lines are tangled and disordered, this appears as isotropic diffusion. The
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fields are stronger in the Galactic disk, and weaker (and more slowly varying) in the
spherical halo, so the diffusion constants will be different in these two regions.
Experimentally, there are several observables which relate to CR transport. The
initial CR composition, at the time of acceleration, will match the composition of
the material swept up by the supernova shock6. While propagating at through the
interstellar medium at relativistic speeds, the composition is modified: common nuclei
(4He, 160, 12C, 56Fe) are broken up by inelastic collisions, and rare nuclei (3He, Li,
Be, B) are formed by spallation. Antiprotons are also formed in inelastic collisions.
Thus, quantities like the boron/carbon ratio, or the l/p ratio, are sensitive to the
amount of matter traversed by CR. Some radioactive nuclei can be formed by nuclear
collisions, for example 9Be. The amount of 9 Be that reaches us without decaying
is a sensitive probe of the mean lifetime of CR in the galaxy7 . CR particles also
lose energy, either by elastic or ionizing collisions, or by interaction with changing
magnetic fields (reconnection, adiabatic cooling). CR electrons and positrons also
lose energy by synchrotron emission and inverse Compton scattering.
2.3 Solar modulation
For Galactic CR to be detected on Earth, they must cross one more shock: our Sun
sends out a wind with velocity V 400 km/s, carrying magnetic field irregularities
with it. This expanding plasma scatters and cools all incoming cosmic rays. Although
quite complex in the details-especially below 1 GeV, between species[11], or in spa-
tial anisotropy-solar modulation can be reasonably well modeled by a single "solar
6which may not exactly match the bulk stellar material; cosmic ray pickup may depend on
ionization potentials, affinity for dust grains, etc.
7Interestingly, the long lifetimes ( 107 yr) of CR, as measured by these "CR clocks", is at odds
with the low column densities ( 5 g/cm 2 ) derived from spallation products, and the known density
of interstellar gas in the Galactic disk. The discrepancy is resolved by the realization that particles
must spend some 2/3rds of their travel time, not in the disk, but in the galactic halo.
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modulation parameter" , which varies between 400-1400 MV over the solar cycle.
The solar wind causes cosmic rays to diffuse in position and momentum space;
this process can be described by a Fokker-Planck equation [62] with a spatial diffusion
coefficient .
For a particle penetrating from "outside" of the solar system8 to Earth a distance
r = 1 AU from the sun, the net effect of solar modulation is a mean particle energy
loss 0:
1 100AUV(r)
=I (dr (2.1)
3 J1AU K(r)
The particle flux at 1 AU is distorted from the true interstellar flux IsM
according to the equation [33]
· (Ek) = 4ISM(Ek + ) ((E + ) 2 + (2.2)((Ek + )2 + 2)
where m is the particle mass. We will attempt to fit our measured spectrum to
an equation of this form where (PISM is a powerlaw in Ek.
2.4 Past measurements
In Table 2.2 we summarize important past measurements of cosmic ray protons and
nuclei. Experiments have been performed both on balloons and in space, using a
variety of detector strategies including magnetic spectrometers, calorimeters, and
threshhold Cerenkov counters. To my knowledge, no limits on a narrow line feature
have ever been published. The highest precision CR proton data are those by Caprice
[18], a balloon experiment. For a quick estimate of the sensitivity of these experiments
to microquasars, we note the reported errors on the flux at 10 GeV, in percent.
8 commonly taken as 100 AU.
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Experiment Type E range, GeV (b1OGeV Comments
Protons
BESS[58] [4] Balloon 1-100 0.04 Many flights 1992-2003
Caprice[18] Balloon 0.15-200 0.014
MASS[14] Balloon 2.5-100 0.015 Mid-latitude
AMS-01[8] Space 0.3-200 GeV 0.045
Current work " 1.5-130 GeV 0.01
Helium & nuclei
HEAO-C3[27] Satellite 0.5-35 Z > 4
BESS[58] Balloon 1-50 0.07
Current work " 1.5-130 GeV 0.015
Table 2.2: Past measurements of cosmic ray protons. We note the energy range
accessed, the published spectral index, and the reported error (in percent) in the flux
at 10 GeV. For comparison, we also include the published AMS-01 measurement, and
the current work.
We also point out that the Caprice, BESS, and MASS91 data come from balloon
flights, where at least 5 gm/cm2 of atmosphere was present above the detector, in
addition to material in the detector itself. AMS-01 is the first high-energy, high-
statistics cosmic ray instrument in space.
29
30
Chapter 3
Microquasars: astronomy and
astrophysics
In this chapter, we introduce microquasars and discuss their astronomical/astrophysical
properties. We describe a few objects in detail to illuminate their unusual features.
Finally, we discuss why microquasars may be a source for cosmic-ray protons and
nuclei, and the possibly-observable spectrum of CR from these objects.
3.1 What is a microquasar?
Microquasars are interesting astrophysical objects. In general, a microquasar is a
binary system containing a Kerr (rotating) black hole1 and an ordinary star in a close
orbit. The star feeds material onto the black hole, either via strong winds or actu-
ally expanding into the black hole's gravitational well. This material falls towards
the black hole via an accretion disk, which is heated by viscous, shear, and mag-
netohydrodynamic forces, generally to the point of emitting x-rays[61]. They often
1Neutron star binaries may also power mildly relativistic microquasars; however, it appears that
the highly-relativistic jet systems we are interested in tend to come from black holes.
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Figure 3-1: Cartoon illustration of a microquasar. Material falls off of the companion
star and towards the black hole; it orbits the black hole in an accretion disk, heating
up (emitting x-rays) and losing angular momentum; when it reaches an unstable orbit
near the black hole, it falls in through the event horizon. Some of the infalling and
orbiting material is launched into a 'jet', escaping at high velocity along the black
hole's rotation axis. The jet contains protons, which later escape as cosmic rays, and
electrons, which emit synchrotron radiatation and make the jet visible with radio
telescopes.
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exhibit distinct "states" (called high-soft and low-hard) characterized by different
x-ray spectra and luminosities, thought to be associated with the structure of the
accretion disk and the surrounding plasma[24]. (So far, this description applies to all
"x-ray binaries", which are fairly common inhabitants of the universe). Microquasars
are characterized by jet emission: a microquasar periodically or continuously emits
large blobs or streams of warm plasma, accelerated in bulk to a relativistic speed.
These blobs take the form of two-sided "jets" which emerge from the microquasar
and move away rapidly in opposite directions. The blobs, which emit radio waves
due to synchrotron radiation, are observed to have relativisitic velocities, sometimes
v > 0.9c.
Microquasars mimic much of the behavior seen in active galactic nuclei and
quasars, which are jet-emitting supermassive black holes in the centers of galaxies.
In recent years, a "unified" model has emerged, which describes quasars, blazars,
AGNs, Seyfert galaxies, and microquasars: they are all different views of the same
phenomenon (accreting Kerr black holes) at different scales and with different viewing
angles.
We are interested in microquasars, in particular their relativistic jets, since they
contain large fluxes of protons. These protons may escape from the jet and enter the
ISM in the form of cosmic rays[38]. If this occurs, they will have an unusual energy
spectrum, such that an individual nearby microquasar might distort the CR spectrum
at at Earth.
3.1.1 Catalogue of microquasars
There are about 15 microquasars identified in our Galaxy to date. They are reviewed
in [54], and summarized in 3.1. A rough location guide to some of these microquasars,
within the Milky Way galaxy, is given in 3-2 In addition, a variable x-ray source in
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Figure 3-2: A map of the disk of the Milky Way galaxy. The soft grey structure is an
artist's conception of the Milky Way dust distribution from [57]. The Solar System
is indicated as a blue dot. Microquasars positions are represented roughly by yellow
dots; the distance determinations are generally poor. While a real concentration of
sources towards the Galactic center would be unsurprising, we have not attempted to
account for survey biases.
M74 [48] has been proposed as an extragalactic microquasar.
3.2 Some exemplary objects
It is important to note three aspects of microquasars, relevant to our CR search.
1. Microquasar jets indeed contain protons and nuclei, traveling at high bulk
speeds. This is known unambiguously from observations for SS433; it may
be true for all microquasars.
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Name Dist References jet vel Luminosity location
(kpc (v/c) erg/sec (1,b)
SS433 3 [5] 0.23 1039 39.70 -2.20
GRS 1915+105 12 [52] 0.92-0.98 5 1038 45.02 0.25
V4641 Sgr 3-10 [42] 1040 6.76 -4.79
GRO J1655-40 3.2 [53] 0.92 344.98 2.45
XTE J1748-288 9 [41] > 0.9 2 1039 0.67 -0.22
Sco X-1 2.8 ? 0.95 1038
Cyg X-3 10 1995? 0.81 2 1039 79.84 0.70
CI Cam (XTE J0421+560) 1 0.15 5 1037
1E1740.7-2942 ? 1992 357.20 -4.90
GRS 1758-258 8.5? 1992
LS 5039 3 0.4 9 1036 16.88 -1.28
XTE J1550-564 2.5 [23] 0.83 2 1038 325.88 -1.82
GX 339-4 10 [32] 2.5 1038 338.94 -4.33
Cir X-1 6.5 [28] 0.1
V404 Cyg
Table 3.1: Catalog of known microquasars, from [54], [26] and elsewhere. Quoted
luminosities are peak/flaring, except for GRS-1915+105 .
2. Microquasar jets can travel at relativistic velocities,
potential to generate large fluxes of protons and nuclei
jets of GRS 1915+105 are a example.
>
with
0.9, and have the
Ek > 1 GeV/n The
3. Although no microquasars have been discovered very near Earth, the local ISM
may still be suffused with CR from now-unobservable microquasars. A micro-
quasar may be invisible to astronomers if it enters a long quiescent period (as
has Cir X-1), or if its companion star dies in a supernova explosion.
3.2.1 SS433, a well-measured jet model
SS433, an unusual jet-emitting neutron star binary in the constellation Aquila, serves
as a model for what microquasar jets may look like. The jets in SS433 are only mildly
relativistic, but in all other respects it resembles a microquasar and the underlying
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engine may be similar.
SS433, like GRS 1915+105, is observed to emit clouds of radio-emitting plasma
at regular intervals. VLBI radio studies can resolve these clouds and measure their
proper motion away from the source; the jet direction is observed to precess, so the
outcoming blobs or "bullets" of plasma trace out a spiral pattern, like that of a
rotating lawn sprinkler.
SS433's jet plasma is cool, and not fully ionized. The jet plasma itself emits atomic
line radiation at optical and x-ray wavelengths; this radiation has been observed
most notably with the H-a line [5] and various X-ray lines [47]; the lines are seen
simultaneously at rest, redshifted, and blueshifted! The at-rest lines are emitted by
SS433's binary partner; the blueshifted lines are from fast-moving jet plasma aimed
towards Earth; the redshifted lines are from the jet moving away. None of the lines
are badly velocity-broadened, so the jet plasma must be "cool" in its own rest frame.
A full, detailed model of SS433 can explain all of the data (proper motions, red-
shifts and blueshifts, and the Lorentz-boosted and deboosted difference in luminosity
approachingor receding) by postulating bipolar, precessing jets with a velocity of
0.23c.
We learn that the jet contains protons and nuclei, not just electrons and positrons.
We learn that the jet velocity is constant 2 even though the individual "bullets" vary
in power, and thus may depend only on some aspect of the central engine. Finally,
we learn that the plasma is cool and comoving: in accelerator terms, it is a beam
with a low emmitance.
2We cannot rule out that the jet velocity changes on timescales longer than - 30 years. If the
jet velocity depends only on fundamental paramters-spin and mass--of the black hole, then the
variation timescale is of order 107 years, which is how long stellar-mass black holes take to spin
up, spin down, or add significant mass[37]. This is comparable to the lifetime of cosmic rays in the
Galaxy[34], and longer than the total lifetime of a high-mass star[361.
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3.2.2 GRS 1915+105, a powerful highly-relativistic jet source
GRS 1915+105 has an especially long history of observations. Here was the first obser-
vation of so-called "superluminal" radio bubbles moving away from a microquasar[55] [52].
It is an extraordinarily powerful engine: individual outbursts can release 10 44 ergs
over a few days3; its average power may exceed 1038 ergs/sec. Its well-measured jet
velocity is greater than 0.9c, so 3y > 2.
3.2.3 Cir X-1, a quiet microquasar
Cir X-1 is a neutron star binary at a distance of 6.5 kpc[28] which exhibits weak
microquasar-like jets with a velocity of 0.lc. The jets observed on arcsecond scales,
close to the source, are very weak (tens of millijanskys4 ); however, there are very
bright "radio hot spots" on the surrounding nebula, with a total extent of about 5
arcminutes. This testifies to much more powerful jet emission in the past -100 years.
Indeed, its jet CR should still populate that neighborhood, although they are not
being renewed. We point this out to illustrate: no powerful microquasars are currently
visible near Earth5 but quiet microquasars like Cir X-1 may have been active nearby
and recently. Such objects may have escaped astronomical identification. We may
be able to observe surviving CR from such sources. We also note that several known
microquasars are in high-mass X-ray binaries; that is, the companion star is a red
giant, weighing more than several hundred solar masses. These stars have very short
lifetimes, of order 106 years[36]; this is shorter than the cosmic ray diffusion lifetime,
but long enough for a single source to generate a local "equilibrium" population of
CR with the 1/r dependence shown in Figure 3-4. Thus, there may have recently
3For comparison, the Sun releases 3.5 x 1038 ergs per day
4 Flares as powerful as 1 Jy were observed in the 1970s, but no VLBI measurements were made
at that time
5See Table 3.1: the nearest identified sources are XTE J1550-564 and Sco X-1, about 2.5-3 kpc
away.
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been a microquasar nearby, which has since gone supernova. The CR from this source
should still be extant and observable.
3.3 Cosmic rays from microquasars
Let us suppose that all microquasar jets are qualitatively similar to SS433 in two
respects. First, that they consist of an electron-ion plasma (possibly fully ionized,
unlike SS433) as opposed to a predominantly electron-positron plasma. Second, that
the plasma is "cool" in its rest frame; in other words, the typical thermal Lorentz
factor is much less than the bulk Lorentz factor of the cloud. A viewer at rest with
respect to the microquasar will see the jet traveling with a high, relativistic velocity.
Thus, all of the particles in this jet have the same velocity, hence the same Lorentz
factor y; for a given species (electrons, protons, nuclei), all the particles have the
same energy or momentum. If large numbers of these particles escape from the jet
without losing or gaining energy, then they become CR with same velocity as the bulk
jet: that is to say, they are monoenergetic. We must now ask how the jet affects the
cosmic ray spectrum: how do the protons escape from the jet? What is the energy
spectrum of CR protons near a microquasar? How might the spectrum look to a
distant observer?
3.3.1 Behavior of protons at the jet terminus
The jet almost certainly ends at a relativistic shock 6. The same considerations
from Chapter 2 apply here; however, the initial conditions are a bit different. Most
importantly, we note that the upstream ions (in the jet) are already relativistic with
respect to the downstream region; they do not require multiple shock crossings in
6 While one can concieve of shock-free ways of terminating a relativistic jet, by smoothly connect-
ing the jet's magnetic field lines to the ISM's, these scenarios are considered implausible[38]
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order to become relativistic.
The particles might lose energy if they thermalize with the hot plasma in the
cocoon (see Figure 3.3.1); they might also cool adiabatically if they remain trapped
in the cocoon for a long time, since the cocoon is expanding. However, based on the
timescales involved, it appears likely that the CR escape with no significant energy
loss.
The shock is very small in comparison to kiloparsec-scale spherical shocks like
those described in Chapter 2. Thus, we expect that a large fraction of the protons
in the jet plasma will escape into the ISM "on the first try", after crossing the shock
only once. These particles, having the same velocity (and Lorentz factor) as the jet
itself, will become monoenergetic in the ISM reference frame.
3.3.2 Energy budget and contribution to galactic CR
The average Galactic cosmic ray power is about 1040 erg/sec, which supports an
energy density of 1 eV/cm3 throughout the disk volume. Individual microquasars are
seen to be within a few orders of magnitude of this in total energy output, and it is
suggested [38] that CR carry away most of the energy. Some examples are given in
section 3.2; we note, for example, that GRS 1915+105 may emit 1038- -38.5 erg/sec,
V4641 Sgr 1040 erg/sec. Keeping in mind the 'diffusional' nature of CR propagation,
it is clear that, in addition to perhaps supplying up to a few % of the total Galactic
CR flux, individual microquasars will supply important amounts of CR power in their
immediate neighborhood. Within tens of parsecs of a microquasar, the 'narrow line'
flux will dominate the local CR energy density; contributions of up to 30% may be
seen up to 1 kpc away [38].
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Figure 3-3: Cartoon of a microquasar jet terminus, from [38]. The jet impacts the
interstellar medium (ISM), inflating a cocoon of hot plasma. This cocoon interfaces
with the ISM in the form of a shock, and may also generate a "reverse shock" with
the jet itself. Protons leaving the end of the jet diffuse and scatter within the cocoon;
if they escape into the ISM retaining their energy, they will behave as cosmic rays.
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3.3.3 Propagation of CR away from a microquasar
Microquasar CR propagate like all CR, following diffusive behavior. More discussion
of CR diffusion is found in Chapter 2. Since the microquasar is a point source, in
equilibrium we expect the density of CR a distance r from the source to drop off as
1/r. This dependence is disturbed when the 'sphere of influence' reaches the surface
of the - 1 kpc thick disk of the Galaxy. In the more-spherical halo, CR diffusion is
much faster. Thus CR will be 'siphoned off' into the halo rather than propagating
more than 1 kpc horizontally through the disk. The CR density will drop off rapidly
(- exponentially) beyond 1 kpc from the source. CR escaping into the halo may
of course reenter the disk, but since the available diffusion volume is so large, this
reentrant population will have a very low density (but will be present very far from
the source). See Figure 3-4 for an illustration.
In the two-zone diffusion situation, where CR are propagating back and forth
between the disk and halo, we have fairly little ability to estimate how the microquasar
CR flux varies with distance. Although numerical simulations exist, their spatial
resolution is typically of order 1 kpc, which is also the scale on which we want to
study CR diffusion. Also, due to the finite lifetime of microquasars, we expect that
no equilibrium will be established beyond the microquasar's immediate (kpc-scale)
neighborhood.
3.3.4 Jet velocities
Aside from the optical Dopplar shifts seen in SS433, our only knowledge of micro-
quasar jet velocities comes from VLBI proper motion measurements. We observe the
7 This can be derived from the Fokker-Planck equation. A simple argument is as follows: in
equilibrium, the net flux escaping through a shell of size r must be independent of r in order to
conserve number density. The diffusion flux is proportional to the area and the density gradient;
the density gradient must vary as r-2 , thus the density varies as 1/r.
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Figure 3-4: A cartoon picture of the CR population near a microquasar. We look
edge-on at the Galactic disk. In a neighborhood near the source - 1 kpc of the source,
the density of CR will vary as 1/r. Where the microquasar source meets the edge of
the disk (- 1 kpc thick), CR will rapidly diffuse away into the halo. Some CR will
continue to diffuse into the the disk (the 'suburbs') but with a exponential dropoff
in density with distance.
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angular velocity of two radio-emitting 'blobs' across the sky over time, over multiple
observations, as for example in 3-5. We must translate this into a linear velocity using
the object's distance from Earth, and using knowledge of the angle of the jet to the
line of sight8 . In the extreme cases, a jet aimed straight at the observer would exhibit
no proper motion at all; a jet aimed perpendicular to the line-of-sight would exhibit
a proper velocity of a = v/d for linear motion v and distance d.
The distance must be determined independently using other astrophysical data;
for example using the spectral information about the companion star or radio lobes.
Velocity errors (due to errors in the proper motions or in the distance9 ), especially
close to v = c, can result in very large uncertainties in the jet Lorentz factor. For
a velocity indistinguishable from c, the Lorentz factor is unconstrained (or, rather,
the requirement that v < c then acts as a constraint on the distance and/or proper
motion.) These measurement issues are discussed in [29], including a discussion of
inclination angles.
Despite error bars, it can be seen in 3.1 that the observed jet velocities do not
cluster around c, as would be expected if the ensemble of observations was limited by
(unbiased, or symmetric) distance uncertainties. While we do not claim (especially for
the high-velocity jets of V4641 Sgr and GRS 1915+105) that individual jet velocities
can be fixed between 1 and 10 GeV, this seems to be the most likely range in which
to search for microquasar CR protons.
8When both jets are seen, the difference in their proper motion and (with some assumptions) the
difference in their luminosities gives an indication of the angle of the jet with respect to the line of
sight.
9The distance uncertainty in particular can be very large. For example, V4641 Sgr's distance was
originally though to be as low as 0.5 kpc[40], but later work[21] puts it at 3-8 kpc. Recent work on
GRS 1915+105[45] assigns a distance based on two previously-unidentified relic radio lobes, at 6.5
kpc rather than the usually quoted 10-11. The problem is obscuration of the sources by dust in the
plane of the Milky Way.
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Figure 3-5: Six images of GRS 1915+105 taken in March and April 1994 using the
VLA. The contours show 3.5cm radio emission; the x show the position of the source
object. From [52]
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3.3.5 Spectral shape
For truly cold jet plasma, with no energy loss or gain while escaping from the jet,
we would expect the CR spectrum to be approximately a delta function. In real-
ity, several phenomena will distort this delta function, in some cases affecting its
observability. Some important features are illustrated in Figure 3-6:
1. If the jet plasma thermalizes on crossing the shock, for example if the shocked
plasma is collisional, then the spectrum will broaden into a relativistic Maxwellian
with a temperature k = ympC2 . In this case,the microquasar CR excess would
be difficult to observe.
2. If the jet protons are trapped for a long time in an adiabatically expanding
'bubble' of plasma after crossing the shock, they would cool; this would broaden
and lower their energies.
3. Interstellar propagation will 'smear' the energy spectrum due to adiabatic de-
celeration and reacceleration, ionization and inelastic scattering (path length
5 g/cm2 ). A GALPROP-3D numerical CR propagation simulation [301 [65]
shows this effect to be negligible.
4. Particles which happen to cross the shock repeatedly will gain energy, due to
the same effects that drive Fermi-I acceleration. Since the number of particle
crossings is discrete, and the energy gain per crossing is large, this may generate
'reflections' of the primary delta-function spectrum at higher energies. A Monte
Carlo simulation of similar effects can be seen in [51].
5. All CR arriving at Earth from interstellar space must pentrate the solar wind.
This is known to distort energy spectra, primarily when particles decelerate
while scattering off of magnetic field irregularities tied to a plasma moving
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Figure 3-6: Cartoon of a microquasar CR spectrum, from [38]. We imagine a micro-
quasar with a jet Lorentz factor of 5 GeV. Particles which escape from the jet without
thermalizing will have a spectrum as in (a). If the jet protons thermalize after crossing
the termination shock, the spectrum will be a relativistic Maxwell-Boltzmann distri-
bution as in (b). We also consider that some particles-here 10%-will recross the
shock more than once; this subset is dramatically boosted in energy by a Fermi-I-type
process, resulting in spectra like (c) for a strong shock or (d) for a weak shock.
at the wind speed ( 400 km/s). This is discussed more in Chapter 6. A
calculation of this effect can be seen in [38].
We do not try to constrain the exact shape of the spectrum a priori; we will search
for various shapes in the data and try to find generically 'narrow, non-powerlaw'
features.
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Chapter 4
The AMS experiment
AMS[6] is a large particle physics experiment to study charged cosmic rays from low-
Earth orbit. The primary goals of AMS are to study antimatter in cosmic rays as a
probe of baryon asymmetry[7] and of particle dark matter[12][44][39]; to search for
exotic particles[50]; and to measure high-energy gamma rays[25]. It has been built in
two phases; the engineering run, AMS-01, flew for 10 days on Space Shuttle Discovery
from June 2-12 1998. A full science run with a new instrument, AMS-02, will fly for
three years on the International Space Station beginning in 2008. In this work, we
analyze data from the AMS-01 experiment.
4.1 The AMS-O1 mission
AMS-01 flew for 10 days on flight STS-91 (Space Shuttle Discovery) in June 1998.
Launch was on June 2 1998 at 22:06 UTC; the shuttle docked with MIR on June
4th at 16:58 UTC. Discovery remained docked for four days; on June 8th at 16:01
Discover undocked from MIR and began dedicated AMS operations. These continued
until just prior to reentry.
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STS-91 Orbit
Figure 4-1: The STS-91 orbit. Shown are: a) magnetic latitude, b) livetime, and c)
Shuttle roll position versus time.
The flight included several days docked with the Russian space station MIR,
followed by several days of flight dedicated to AMS data taking. The full orbit and
pointing history is shown in Figure 4.1.
For this analysis, we utilize data from the MIR and post-MIR periods for calibra-
tion, but limit the analysis to the zenith-pointing period on days 6 through 8.
4.2 Detector hardware
The AMS-O1 instrument consists of five major elements: a permanent magnet barrel;
a silicon tracker within the magnet volume; time-of-flight scintillators above and below
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Figure 4-2: The AMS-01 instrument.
the magnet; a thin scintillating veto counter at the magnet periphery; and an array
of aerogel threshold Cerenkov counters on the bottom.
AMS-01 could measure particle rigidities as high as 300 GV', velocities as low as
0.3c 2. The maximum event rate was about 1 kHz. The best rigidity resolution is 7%
(near 10 GV); the best timing resolution is 120 ps.
4.2.1 Magnet
AMS-01 had a peak resolving power of 0.15 Tesla-meters thanks to a large cylindrical
permanent magnet. The magnet was constructed out of 6400 NdFeB permanent
magnet blocks. They were arranged as in 4.2.1, which gives a largely uniform field
inside in the +x direction (transverse to the barrel), and a vanishing net dipole
1This is the "maximum detectable rigidity" such that the deflection of a particle from a straight
line track is less than the tracker resolution of 10um.
2There is no strict detector-related limiting velocity, but the AMS-01 TOF timing electronics
only permitted a -. 3ns delay between the first and last hits.
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Figure 4-3: Layout of the AMS-01 magnet.
moment (as required for stable free flight through Earth's magnetic field). The bore
is m high and 90cm in cylindrical diameter. Further description can be found in [6].
4.2.2 Tracker
The core of the AMS-01 instrument is a six-plane silicon tracker. This tracker consists
of silicon strip detector chips, instrumented on both sides. The spatial resolution is
10 /um in the Y direction and 30 m in the X direction. 7 to 15 chips are chained
together to form a single "ladder" up to 60cm long. In the Y direction (the "s"
side of the silicon), which resolves in the bending plane of the magnet, this results
in 10[Lm by <60cm active strips. In the X direction (the "k" side of the silicon),
a more complicated back-and-forth chaining scheme results in a "zig-zag" shape of
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each strip over the length of the ladder. This leads to X-position ambiguities which
are discussed in section 4.5. Each ladder is read out, on one end, by sample-and-hold
ASICs.
The entire tracker is composed of 25 such ladders in six planes. The six planes each
have, respectively, 8,12,8,10,12,and 6 ladders; four to six placed side by side in X, and
two placed head to head in Y. Each chip's 3D position and orientation is determined
to better than 10um using metrology and beam test data. The tracker structure in
total amounts to 6 x 0.0065 radiation lengths for a vertical particle. Further details
can be found in [20].
4.2.3 Time-of-Flight
The Time-of-Flight system, which also serves as a trigger, consists of four planes of
plastic scintillator, two above and two below the tracker. Each plane is divided into
14 bars, each 10cm wide and up to 120 cm long; the bars in each plane are staggered
and overlap by cm at each junction. On planes 1 (the top) and 4 the bars run along
X, on 2 and 3 they run along Y. Each bar, at each end, is read out by three fast
PMTs with the outputs ganged together.
By measuring the signal arrival time at each PMT, and knowing the speed of
light in the scintillator, we can calculate the time and the long-dimension position
at which a particle crossed the bar. The position accuracy is 3cm, and the time
accuracy is -100ps. Since each bar is 10cm wide, a hodoscope-style measurement
gives an accuracy of 10cm in the direction perpendicular to the bars.
By measuring the times above and below the magnet, we can calculate the velocity
p of the particle to within 1.5%.
These fast timing and position measurements are used in the trigger, discussed in
4.3. A full description of the TOF is given by [9].
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4.2.4 Veto (anticoincidence) system
The AMS active volume is surrounded by a thin scintillator barrel situated between
the magnet inner wall and the tracker support structure. The detector consists of 16
curved interlocking plates of scintillator 1 cm thick. An array of wavelength shifting
fibers pipe light to photomultiplier tubes situated outside of the magnet volume.
4.2.5 Aerogel Threshold Cerenkov counter
The aerogel Cerenkov counter (ATC) consists of 54 radiator/PMT cells. Each cell
contained a 10xlOxlOcm cube of aerogel radiator; a diffuse reflective (Teflon) wrapper
around the aerogel; a thin plastic wavelength shifter to convert the blue Cerenkov
emission into PMT-friendly green; and a 1.8 cm PMT looking up at the aerogel from
below. The purpose of the ATC is to distinguish protons (antiprotons) from positrons
(electrons).in the range 1 - -3.5 GeV. We do not use data from this detector in our
analysis, and will not discuss it any further. A full description is given in [13].
4.3 Trigger
The AMS data acquisition system was capable of running at about 1 kHz. The rate of
particles impacting any part of the detector was much higher than 1 kHz, so AMS-O1
used a series of triggers in order to accept only useful events.
1. Level 0 Fast The fast trigger requires a signal-one or more PMTs going above
a preset voltage threshold-in each of the four TOF planes, all within 200 Us.
This guarantees that a particle has both entered and exited the magnet volume.
2. Level 1 Matrix Although the full TOF and magnet barrel define a 90cm
cylinder, the active area of the tracker occupies only part of this. In the bending
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plane, the tracker only occupies the innermost 20-30 cm of each plane. AMS
only accepts events whose TOF hits suggest that it crosses the active area; this
is done by including or excluding certain combinations of TOF plane 1 and 4
hits.
3. Level 1 Tracker We require that at least three strips show a high significance
signal3 are present in the tracker, along a 6cm-wide road drawn between the
outer TOF hits.
4. Veto The event is rejected if any signal is seen in the anti-coincidence counter.
This generally occurs when an inelastic scattering event, either in the magnet
wall or in the detector acceptance, generates a spray of multiple particles.
5. Level 3 TOF To select events likely to have a good time-of-flight, the Level
1 TOF trigger requires one and only one cluster in each of planes 1 and 4. A
cluster consists of one to three adjacent firing TOF bars; multi-cluster events
are often generated by nuclear interactions.
6. Level 3 Tracker A high-level tracker trigger was applied only in the period
before the MIR docking, so we do not consider it in this analysis.
4.4 Flight
STS-91 flew for a total of 10 days, of which 111 hours were dedicated to the AMS
experiment and about 48 hours are used in this analysis. The orbit inclination was
51.7 degrees and the altitude around 370-390km. The orbital and attitude history
are plotted in Figure 4.1.
3 chosen as signal/noise > 3.5; typical noise values are 2 ADC units.[10]
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4.5 Electronics, data handling, and reconstruction
AMS-01 data was compressed as far as possible on board AMS. It was intended to
telemeter all of the data (up to 1000 events/sec) from the shuttle to Earth via a
Ku-band antenna; in actuality, working around a malfunction, most of the data was
stored on-board and a subset was telemetered for monitoring.
The reconstruction of raw AMS detector data, from ADC values and timestamps
into physics information involves many data analysis procedures. Three of the most
important of these are charge finding, velocity measurement, and rigidity measure-
ment.
4.5.1 Velocity measurement
Each readout of each time-of-flight bar has an individually-calculated cable delay, a
slewing correction4 , and a measured light travel speed along the bar. The segmen-
tation of the TOF allows a preliminary guess at the particle's direction through the
detector.
In this analysis, since we do not attempt to measure masses (e.g. for elec-
tron/pion/proton separation) our only concern with the TOF is its ability to dis-
tinguish downgoing particles, coming from the open sky and the top of the detector,
from upgoing particles, which traverse the body of the Space Shuttle before being
detected. The probability of mistaking an upgoing for a downgoing particle is unde-
tectably small, less than 10-7[7].
4 The TOF timing electronics registers the time at which the PMT signal reaches a certain thresh-
hold; large signals reach this threshhold slighty faster than small signals, given the same 'absolute'
light arrival time.
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4.5.2 Charge measurement
The amount of energy lost by a particle of charge Z, on traversing any material,
is proportional to Z2 and approximately to 1/32. Thus, by measuring the velocity
and the energy deposited in various AMS detector elements, we can determine the
charge. Each particle has up to ten independent charge measurements: six in the
six tracker planes, four in the four TOF planes. For small charges, all ten of these
measurements are used to calculate the probability of any charge using a maximum
likelihood method; the most probable charge is then selected; nearby 'qualifying'
charges are also noted.
For highly charged (Z>4) particles, the TOF's dynamic range has reached its
limit, and only the tracker data is used to determine the charge.
We estimate that the probability of mistaking a proton for a helium nucleus is
less than 10-5 .
4.5.3 Cluster finding, track fitting, rigidity measurement
The tracker returns a fairly complex data set: it measures hit locations in the Y
direction using the 10um S-side strips, and in the X direction using the oddly-arranged
k-side strips. The first step in tracker data reconstruction is to build adjacent hit
strips into 'clusters', and measure the signal-to-noise ratio, centroid position, and
signal amplitude of each cluster.
It is not immediately clear which X position is indicated by any observed k-side
cluster. This ambiguity is resolved by guesswork.
The software associates each plausible pair of X and Y tracker hits into a "3-D
cluster". Various sets of 4, 5, or 6 3-D clusters are chosen, labeled a "track", and
investigated for rough collinearity. If the track appears to be roughly circular, then a
Kalman-filter based fit is applied to it. The fit propagates a particle through the full
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3-D magnetic field, taking into account correlated errors due to small-angle scattering
off of the silicon and support structures. The fit procedure returns a magnetic rigidity,
an error, and a 2. For a typical event, between one and ten tracks are examined in
this way. The one with the best overall qualities - a low X2, a large number of hits,
etc. - is selected as a real particle candidate.
We note that the software requires at least four 3-D clusters in order to build a
track. This is more stringent than the Level-1 tracker trigger, which requires only
3 high signal-to-noise strips. Thus, our calculations of the tracker efficiency hinge
entirely on the presence of four clusters along the track, rather than three high S/N
strips.
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Chapter 5
Data Analysis
5.1 Introduction
Like all high-energy physics experiments, AMS-01 data requires a long series of analy-
sis steps before it can be understood. The raw data from the flight includes raw ADC
and TDC values, tracker strip IDs, temperatures, etc. Using pre-flight and post-flight
detector calibrations, we extract the basic quantities needed for particle identification:
energy depositions, velocity, tracker hit locations. Knowing the magnetic fields in the
tracker, we fit the tracker hits to a curved track and determine the magnetic rigidity.
Knowing the cable delays and PMT behavior of the TOF system, we calculate the
velocity of the particle.
From the ensemble of particles thus measured, we must determine the actual spec-
trum of particles in space. The number of particles measured with a particular energy
is proportional to the flux of real particles with that energy; to detector aperture for
accepting particles with that energy; and to the detector efficiency for triggering and
reconstructing a particle with that energy, and on the appearance of real particles in
or out of that energy bin due to the finite detector resolution or due to reconstruction
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mistakes. We can evaluate and correct for all of these factors, and determine the real
fluxes.
To find a microquasar line feature, it is not necessary to measure the flux of
particles, but only the spectrum. Thus, we can ignore energy-independent errors
(normalization errors) and compute only the energy-dependent errors. Moreover, we
are measuring the dominant component of cosmic rays - protons - so our background
subtraction needs are not extreme.
5.2 Data selection
We will work with a subset of the AMS-O1 dataset which has demonstrably the highest
efficiency and the best-understood efficiency. The selection of this dataset is described
below.
5.2.1 Edge avoidance
The AMS-O1 tracker has a complicated geometry, with many gaps between ladders
and sensors. It is possible for the tracker acceptance to have small rigidity-dependent
variations due to the geometry; in general these can be calibrated only using Monte
Carlo.
However, only a subset of acceptance-those tracks that pass through or near
gaps-might show variations. We can place a geometrical cut which completely re-
moves this subset. First, we note the locations of all of the tracker ladders. (We work
only in the bending direction: although multiple scattering and B-field inhomogeneity
will leave some rigidity dependence in the nonbending projection, this will be very
small'.). For each track, we note the first and last points, and we draw a straight line
1We estimate the effect in the bending direction to be a few percent; in the non-bending direction
it should be at least 100 times smaller.
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between them. We draw a road up to 7mm wide along this track, such that the road
encompasses all possible tracks with rigidity 1 GeV-oo. Then, we require that the
road completely avoid the gaps in each tracker plane.2 (The avoidance is not applied
to the first and last points which define the road.)
Each track thus analyzed may have 2, 3, 4, 5, or 6 planes for which the gaps are
avoided, a number which we call "number of fiducial crossings" or Nfid. Restricting
ourselves to these planes, we ask how many hits are used in the track; we call this
the "number of fiducials hit" or Nfh.
This is a purely geometrical constraint. For every possible incoming track angle
and position, Nfid is entirely independent of the particle's magnetic rigidity. This is
not the case for any other quantity, like Nhit (the number of hits used) or Ncrossed (the
number of planes crossed by the track). We consider Nfid in the span cut (discussed
below) and ignore any planes (whether hit or not) which do not fall within the fiducial
road thus defined.
5.2.2 Tracker span 5 or 6
Each tracker plane is less than 100% efficient at generating a signal when a proton
passes through it. The inefficiency depends on energy deposition, and hence varies
with particle energy (but primarily with velocity 8). AMS can record an event only
if at least three planes have one strip with a high strip signal-to-noise (to satisfy the
level-i tracker trigger) and at least four planes have a "cluster" of adjacent strips
with a collectively high signal-to-noise (to satisfy the tracking algorithm).
We measure this efficiency by counting particles which cross 6 silicon chips but
only signal in 5 or particles which cross 5 but only signal in 4. Assuming the signals
to be uncorrelated and Poisson-distributed, we can derive the signal probability for
2Note that the road is not, then, an even 7mm wide rectangle; it is up to 7mm wide at its center,
and extends only to one side-the bending side-of the straight line drawn.
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individual planes. This quantity is accurate only at the 2% level. However, given
that a particle has crossed 5 planes, the probability of leaving at least four signals,
P4:5 = 5 + 564(1 - E) is quite high, and the error correspondingly smaller. For a
particle crossing six planes, the probability P4:6 = 6 + 6E5 (1 -e) + 15e4(1 -e) 2 is even
higher and has yet smaller errors. The error on e is not reduced for 4-plane events,
with P4:4 = e4. Thus, we select only events with Nfid > 5. We must also require
Nfh > 4, as this is the quantity we use to calculate the tracker efficiency. 3
5.2.3 Track/event quality
When searching for rare events in AMS-01, track quality is a paramount considera-
tion, because badly-detected protons can look like positrons, antihelium, strangelets,
or other potential signals. In constructing a proton spectrum, high efficiency is more
important, so we apply no major track quality cuts. This reduces our momentum reso-
lution slightly, but the problem of 'contamination' is negligible--poorly-reconstructed
tracks, misidentified pions, noise, etc., contribute less than 0.1% to the flux at any
energy. The only events discarded are those with severe reconstruction errors (bad
data structures, meaningless numbers, etc.)
We discard time periods with a live time fraction below 0.35; this has the effect
of discarding data from the South Atlantic Anomaly (SAA), a geographical region
with anomalously high CR fluxes where AMS's trigger rate saturated. Events from
the SAA often reconstruct normally, but the detector livetime calculation cannot be
trusted.
As described in section 5.2.1, we consider only events which have Nfid > 5 and
Nfh > 4.
3It is important that they cross enough planes; we place no other constraints on how many show
signals, or on how many are used to build the track
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In the TOF, there are two bars with unreliable ends4. In order to correctly estimate
the TOF effiency, we discard events where the level-0 trigger depends on a bad end.
5.2.4 Events above geomagnetic cutoff
The geomagnetic field of the Earth affects the arrival of galactic cosmic rays at low-
Earth orbit. GCR arriving with a momentum component perpendicular to the field
will be "turned around" if their rigidity is too low. This "Stormer cutoff rigidity" Re
can be calculated for any location and arrival angle[63][64] as
59.4 x cos4 m 
r2[1 + (1 - cos3 m sin z, sin s)1/ 2] 2
where Om is the latitude measured from the geomagnetic pole, r is the distance from
the dipole center in units of Earth radii, Oz is the zenith angle, and ¢ is the azimuthal
angle between the particle direction and geomagnetic north. When calculating r,
we note that the dipole center is not at the Earth's geometric center, but displaced
534.259 km in the direction 21.687N 144.2800 E [2]. We multiply this calculated
cutoff rigidity by 1.3 to be conservative, and additionally we only accept particles
which exceed the cutoff by 2.5 x the rigidity resolution.
At a particular particle energy and orbit location, we must ensure that all of AMS's
acceptance is accessible to those particles. Thus, the geomagnetic cutoff should not
be calculated for the AMS z-axis direction, but rather for the extreme edges of its
acceptance, 48.20 off-axis. With this choice of cutoff, however, only a short phase of
the flight (where AMS's normal axis was within a fraction of a degree of the zenith) is
useful; when pointing as little as 200 off-zenith, the geomagnetic cutoff for the whole
detector is prohibitively high, reducing the statistics gathered at any particle rigidity.
4 These were bar 8 in the second plane, and bar 10 in the third.
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To mitigate this, we logically divide the AMS detector into a "central acceptance"
(0-25.3° off-axis) and an "oblique acceptance (25.3-48.2° off-axis). We can then apply
a much less prohibitive cutoff rigidity to the central acceptance, and the full 48.2°
off-axis rigidity only to the oblique acceptance. We then count particles, and measure
livetime-above-cutoff separately for the two acceptances.5
In order to calculate the flux in each rigidity bin, we take the number of counts
in that bin, divided by the number of seconds for which the entire bin was above
the geomagnetic cutoff. This is done separately for the central acceptance and the
oblique acceptance. These quantities are shown in Figure 5.2.4.
5.3 Resolution and bin width
To obtain the maximum amount of spectral information from our data, we choose
to bin the data such that the bin width is 1/2 of the detector resolution at each
energy. We measure the detector resolution using Monte Carlo simulated events.
The resolution function is fit to a 2nd order polynomial from 1-20 GeV6 and used to
generate the bin definitions.
5.4 Evaluation of efficiencies and other effects
5.4.1 Deuterons and positrons
Approximately 2-4% of Z=+1 cosmic rays are not protons but deuterons, which are
believed to be secondaries from inelastic collisions of CR protons on ISM nuclei, or
vice-versa. We do not expect any deuterium in a microquasar spectral feature, as
5In principle, we might want to calculate all efficiencies separately for the two acceptance regions,
also. However, the differences in any corrections would be expected to be below 0.1%.
6 The fit underestimates the resolution at higher energies; thus the highest-energy bins are nar-
rower than desired.
62
20
80
60
40
20
0
-20
-40
-60
-80
17.5
15
12.5
10
7.5
5
2.5
A'
-150 -100 -50 0 50 100 150
Figure 5-1: AMS's free, vertical- and 200 -pointing flight. The colors represent the
Stormer vertical cutoff rigidity, calculated from Equation 5.2.4 with z,=O.
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flight.
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the deuterium abundance in any hydrogen-burning star is negligible. In principle, for
a precise spectrum, we ought to subtract the deuterium abundance from our proton
spectrum, using the data of the Caprice experiment [66] [18] or the models of [60].
These models numerically propagate CR protons and nuclei through the ISM, and
calculate deuteron production and breakup rates based on nuclear physics data and
standard CR propagation path lengths. The Caprice data suggest that the fraction
is constant at 4% up to 50 GeV; however, the data is of rather low precision. We
instead conclude that the data confirms the model, which indeed is flat enough to
ignore.
Positrons, while indistinguishable from protons in this analysis, comprise a negli-
gible fraction (< 10- 4 ) of the flux.
5.4.2 Tracker efficiency
Comparing the number of hits found in 5 and 6 plane events to the expected binomial
distribution, we calculate the efficiency of each plane. First noting that the binomial
description is, indeed, quite good, we calculate the one-plane efficiency as a function
of particle energy. Next, we use this to infer the total efficiency for finding four hits,
given our span cuts. These efficiencies are shown in Fig.5-3. Two different ways
of calculating the one-plane efficiency, lead to two different estimates of the total
efficiency. The spread in these estimates is considered to be a systematic error.
5.4.3 TOF efficiency
By design, the Time-of-Flight system will activate the level-0 trigger if and only if a
signal is seen at least one PMT in each plane. The level-1 trigger will be activated if
and only if a signal is seen in both ends of any bar in plane 1.
These conditions were slightly modified for the STS-91 flight. First, six hours
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lost to proton inelastic scattering.
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into the flight, the fourth TOF plane malfunctioned badly on one side. The side was
disabled, and the level-1 trigger was modified to require only one end on plane 4.
To evaluate the efficiency, we must find out how often any bar or plane does
not fire when the primary particle passes through it. Unfortunately, all such events
fail the level-0 trigger and go unrecorded. However, each TOF bar is monitored at
both ends; events are accepted if one or both ends fire. We determine the relative
likelihood of one versus both ends firing; if the firing-probabilities at the two ends
are uncorrelated, then we can infer the probability of "zero ends firing", and thus the
TOF trigger inefficiency. The results can be seen in Fig.5-3.
The presumption that the two ends are uncorrelated is, of course, manifestly false;
upward or downward fluctuations in the total number of scintillation photons have
an effect on both ends. However, the attenuation of light along the scintiallator bar -
which increases the photon count on the near end of the bar, and decreases it on the
far end - serves to 'dither' this correlation, and the inefficiency calculation holds true
as long as it incorporates events evenly distributed over the length of each bar.
The systematic error in this correction is taken to be 0.5% at 1 GV, and propor-
tional to the correction itself. The 0.1% scatter (some statistical) in the calculated
correction is taken as a systematic above 5 GV.
5.4.4 Geometrical acceptance as a function of curvature
Our fiducial road cut is designed to completely remove the possibility of any curvature-
dependence to the geometry of the silicon tracker. All selected tracks pass through
a "hermetic" subset of the detector. The selection is done an unbiased geometrical
basis, referencing only the entry and exit points of the particle in the tracker.
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5.4.5 Rigidity resolution, misreconstruction
For understanding the AMS-01 track fitting/reconstruction algorithm, we rely on
Monte Carlo simulations.
First of all, we note that the track finding and reconstruction routines are essen-
tially 100% efficient for a single particle which leaves a signal in at least four planes.
(The efficiency of this process is discussed in section 5.4.2.) However, about 5% of gen-
erated events, despite entering AMS's acceptance correctly, are found to reconstruct
very poorly (typically with reconstructed momentum below 1 GeV, independent of
the generated momentum) or not at all. This is because the incoming particle inelas-
tically scatters off of a nucleus in the detector material or support structure. In some
cases the original particle (or the leading particle in an inelastic collision) is recon-
structed, but with a highly kinked track, low momentum, and large errors. In some
cases, a low-energy secondary enters the acceptance and is reconstructed correctly.
In some cases, a large shower is produced, triggering the ACC and causing the event
to be rejected at the trigger level.
The fraction of particles which trigger the ACC, having entered the acceptance
correctly from above, and without an inelastic scattering event, is negligible (total
fraction below 1%). Thus, to account for the combined ACC, reconstruction, and
inelastic scattering inefficiencies, we need only calculate the fraction of particles which
produce secondaries in or above the tracker volume.
We Monte Carlo simulate 120,000 protons propagating through the AMS instru-
ment. We find that a fraction uef f of these particles are lost to inelastic or hard-elastic
nuclear scattering 7. This fraction is shown in Figure 5-3.
7 We do not care exactly how the particles are lost: they may trigger the ACC or not, satisfy
various tracker triggers or not, even reconstruct and pass selection or not. In any case, none or very
few of these events will wind up in the correct bin. If a "lost" particle passes all triggers and is
reconstructed, what energy is it seen to have? Invariably a lower energy than the original particle's
energy. That means that a small fraction of already scarce high-energy particles are contaminating
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The systematic error on this correction (estimated 0.25%) is overwhelmed by the
1% statistical error due to finite Monte Carlo statistics.
5.4.6 Summary
We sum up the contributions of the various systematic errors in Fig.5-4 and Fig.5-5.
the abundant low energy particle measurement. This effect is negligible over all energies. However,
in the region below 1 GeV, where inelastically-scattered debris from the whole high-energy CR
spectrum 'pile up', it may be important at the 1-2% level, and a full MC analysis, separating the
ACC and reconstruction efficiencies, would be necessary.
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Chapter 6
Results: spectra and interpretation
Our final data consists of accurate, unnormalized proton and helium spectra. Since
we have not used Monte Carlo to calibrate our geometrical cuts, we do not have an
independent normalization of the flux. For the purpose of comparison, we normalize
our proton flux to match that of [18] at 10 GeV; however, in all plots and fits the
normalization should be taken to have a 5 - 10% uncertainty.
It can be seen visually that there is no narrow spectral feature with high signifi-
cance in these spectra. We report on the results of several fits to these spectra.
6.1 Spectra
Here we collate the final spectra. Statistical errors, corrections, and systematic errors
on corrections are also noted. Figure 6-1 shows the proton spectrum; Figure 6-2
shows the fractional error (statistical plus systematic, summed in quadrature) on the
proton spectrum. Figure 6-3 show the separate count rates for the two 'acceptance
bins' (vertical and oblique) described in section 5.2.4, and for Nfid = 6 and Nfid = 5.
(These are raw count rates, not corrected by bin width.)
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Figure 6-1: Proton spectrum; number of particles per m2 sec ster GeV.
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6.2 Fits
In order to interpret the spectrum, we must fit it to the underlying model of non-
microquasar cosmic rays. This is represented in interstellar space by a powerlaw in
kinetic energy Ek:
I.(Ek) = aEj (6.1)
and at Earth by a solar-modulated power law [62][22][33] as described in Section
2.3.
E = Ek + Z)
E 2 + m 2
I(Ek) = Io(Ek) x E 2 (6.2)
where ~4 is the solar modulation parameter, important only at lower energies.
We perform two independent fits to this data. We fit the high-energy end of the
spectrum (15-100 GeV) to a simple powerlaw. This confirms that we agree with past
measurements on the value of the spectral index. Next, we fit the entire spectrum
from 2-100 GV to a solar-modulated powerlaw, where the variables ,A, and are
allowed to float. Fit results are shown in Table 6.1, and a detailed description of the
fit procedures and error estimation is given in Appendix A.
6.3 Bump fits
A visual scan of the above fits suggest that there is not, indeed, a significant excess
in the data at any energy. We would like to quantify the presence or absence of a
bump in this data.
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Figure 6-4: Proton data and fit. The data is shown as thick bars. A solar-modulated
power law fit to most of the dataset (2-100 GV) is shown as the solid line. Addition-
ally, a simple powerlaw fit to the high-energy data (15-100 GV) is shown as a dashed
line.
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Figure 6-5: Fit residuals (data minus fit, in particles per m2 s ster) to all proton data.
The entire range 2-130 GV is shown in the main plot. The inset zooms in to the
10-130 GV region.
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Table 6.1: Results of fits to the proton spectrum. We fit to a powerlaw (Equation
6.1) over the range 15-100 GV. We also fit a solar-modulated powerlaw (Equation
2.2) in the range 2-100 GV. Additionally, we note that while the fit-uncertainty on
a is , we have not actually measured this parameter, since we have normalized our
data to [18]
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Figure 6-6: Fractional fit residuals ad-fit to all proton data. The residuals are divideddata
by the measured flux to yield a fraction.
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a \ · X2 #dof
Protons
powerlaw 8363.0 ± .5 -2.655 ± .0008 0 23.1 12
solar modulated 19000 ± 1200 -2.84 ± 0.02 1.17 ± 0.03 14.75 26
We begin with the solar-modulated powerlaw fits. The value of X2 suggests the
probability for this data to arise from the fit function. Now, we postulate a bump,
centered at Eo GeV, on top of the spectrum, and see how X2 changes. We calculate
X2 for a function of the form
4)(Ek) = (Dsmp(Ek) + ae(- W )2
where smp(Ek) (the solar-modulated powerlaw) is seen in Equation 2.2. Figure
6-7 shows X2 versus the fractional bump height a/(smp and rigidity R, for several
values of w/R. Note that the miniumum value of X2 is in the white strip in the
middle of each plot; negative values of a would represent 'dips' rather than bumps in
the spectrum.
What values of a, E,, and w are excluded by these data? For protons, the proba-
bility associated with X2 >24.2 for 29 degrees of freedom is 0.73. We descibe a choice
of a,Eo and w to be excluded at 95% confidence if it results in X2 > 44, which has a
probability below 0.036. These limits are shown in Figures 6-8 and 6-9. For the pur-
pose of illustration, in Figure 6-10 we show some examples of the 'bumps' excluded
by this data.
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Figure 6-7:
The x-axis
1 1,25 1.5 1.75 2
Log 1O(Rig GV)
Map of X2 for protons for various 'bumps' on top of the fit spectrum.
shows approximately loglo(rigidity GV) of the bump center. The y-axis
shows the quantity a/I)smp from Equation 6.3. The four panels, left to right and top
to bottom, show fractional bump widths w/R = 0.1, 0.2, 0.3, and 0.5.
82
103
102
¢-
,0.15
a 0.1
E
_30.05
0
r0,050
4'-0.1
-0.15
-n 
0.2
_C
',0.15
a 0.1
E0,050
00.05
-0.1
-0.15
-0.2
103
102
I
B
!
vnlle mnn
v,,
00.25
C
'.225C0
,)
N
iu 0.203
a
'.175
U
X00.15
0
. ,
'.125
x
z 0.1
0.075
0.05
0.025
0
Ezk GeV
Figure 6-8: Monoenergetic cosmic ray flux limits for protons (95% confidence) versus
rigidity, expressed as a fraction of the CR flux-per-GeV. Shown are limits for Gaussian
spectral features with a width 10%, 30%, or 50% of the central value.
83
Excluded flux
0
c
0c
N
O
01
X 1a,
o~
O
0'
O
-1
10
-21 (1
10 102
Ekin GeV
Figure 6-9: NMonoenergetic cosmic ray flux limits for protons (95% confidence) at
various Lorentz factors. Shown are limits for Gaussian spectral features with a width
10%, 30%, or 50% of the central value.
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Figure 6-10: Some examples of features excluded at 95% confidence by this analysis.
We show the fractional residual of the proton spectrum (data-fit) and the followingdata
five features: a) a bump centered at Ek = 1.5 GeV, 0.15 GeV wide. b) centered
at Ek = 2.2 GeV, 1.1 GeV wide. c) centered at Ek = 5.1 GeV, 0.5 GeV wide. d)
centered at Ek = 8 GeV, 2.4 GeV wide. e) centered at Ek = 21 GeV, 6.3 GeV wide.
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Chapter 7
Conclusions
Based on these spectra, what constraints can we place on the existence of miccro-
quasars nearby? Our CR propagation models are detailed enough to predict, given
a microquasar's CR power and distance, what its CR spectrum contribution should
be near Earth. These are perhaps best expressed in terms of energy densities; the
average galactic CR energy density is about 1 eV/cm3 . 1
The diffusion equation is nontrivial, though: CR diffusion constants are different
in the Galactic disk and in the spherical halo; the "typical separation" we expect from
a microquasar is of the same order (1 kpc) as the disk thickness; due to the short
active lifetime of a microquasar, it is a non-equilibrium situation. Moreover, we should
also consider the effect of multiple overlapping sources with different Lorentz factors.
Nonetheless, we attempt to place limits on the distance to the nearest microquasar
CR source.
'Interestingly, this is similar to the magnetic field energy density, suggesting an interaction and
equipartition between the two. Indeed, the so-called Parker instability[49] appears to enforce this
equality.
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7.1 A simple propagation model
The average Galactic CR power is approximately 1040 erg/sec (over all energies). In
terms of energy density, this power is mostly confined to the Galactic disk, and has an
equilibrium energy density of 10-12 ergs/cm3 , or about 1 eV/cm3 for particles above
about 100 MeV. Since the spectrum falls so steeply, most of the power is carried by
the large flux of lower-energy particles2 . The CR energy density at Earth, given the
solar modulation of the lower-energy flux, is about 10-2 eV/cm3 .
Heinz and Sunyaev [38] calculate the microquasar contribution to the CR energy
density at 1 kpc from a microquasar with power 1038 erg/sec to be approximately
p = 0.3 eV/cm3 .
Assuming the particles to be monoenergetic, the flux due to these particles is
I = ( ) X 7r x v
Ek
This implies a flux of 105/m2 s ster for 3 GeV microquasar particles, which would
be solar modulated to a flux of about 5 x 104 and an energy around 2 GeV. 10 GeV
particles would have an interstellar flux of 3 x 104/m2 s ster, shifted down to 9 GeV
and 2.5 x 104 /m2 s ster; see Figure 7-1. These fluxes are unambiguously excluded by
this data. For example, at 10 GeV, the excluded flux3 is a factor of 25,000 below the
expected flux! Thus, we can make an astrophysical statement: no microquasar with
a jet Lorentz factor of y = 10 can exist with distance r and power P such that
1038.5erg/s( r > 25000
P lkpc `Y
2Indeed, the mean CR particle energy per unit volume (for particles above 100 MeV) is only
about 200 MeV.
395% confidence
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Figure 7-1: The flux expected from a "reference" microquasar, outputting 1038.5
erg/sec of CR protons at a distance of 1 kpc., versus the jet rigidity.
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This is true for microquasars with r < 1 kpc from Earth. 4 This is a powerful
constraint; we might alternatively say that no microquasar with with these properties,
within 1 kpc of Earth, may emit more than 1034 erg/sec.
To show how our sensitivity varies with the jet Lorentz factor, we define the
figure-of-merit E,
1038. erg/s T( P )(l__c > =P lkpc I) >excluded
In Figure 7-2 we plot E versus rigidity. Our greatest sensitivity is to higher-energy
microquasars, since the microquasar flux drops only linearly while the ordinary CR
background drops as Ej 2. 7. For a microquasar with y 10, we state astrophysical
distance/power limits in Figure 7-3.
7.2 Caveats and disclaimers
The above analysis must make a number of assumptions about microquasars. These
have all been stated already; we summarize them here. If any of these assumptions
are untrue, then our "microquasar distance limit" is meaningless. Our CR proton
spectrum measurement stands, independent of its astrophysical interpretation.
1. We have assumed that microquasar jets contain protons and nuclei, rather than
only electrons and positrons. This is suggested by SS433 but not known con-
clusively.
2. We assume that the protons in microquasar jets escape without losing energy,
by adiabatic expansion, by scattering, or otherwise.
4Beyond 1 kpc, it is difficult to make specific distance statements, since the diffusion behavior
changes due to loss into the Galactic halo, as shown in Figure 3-4.
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Figure 7-2: The figure-of-merit E from Equation 7.1. It represents the ratio of the ex-
pected flux (from a microquasar with P=103 8.5 erg/sec, r=1 kpc) to the flux excluded
by this analysis; thus, it represents the strength of the constraint on microquasars of
this type.
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Figure 7-3: The minumum distance to a microquasar with a given CR power, for a jet
Lorentz factor of y - 10 (solid line). or y - 3 (dashed line). Microquasars in the grey
area are excluded with 95% confidence. For distances above 1 kpc, the flux/distance
relationship is unclear, so the exclusion limit is uncertain above 1034 erg/sec.
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3. We assume that a given microquasar's characteristic Lorentz factor remains
steady over the lifetime of the emission. This is a reasonable guess given the
characteristic timescales involved.
4. When we say "power", we specifically mean "power carried by CR protons".
This may be a large fraction of the microquasar's total luminosity, but this is
not known with confidence.
5. We have searched for isolated spectral features. The overlap of many unresolved
features, for example due to multiple microquasars with similar power, might
allow several microquasars to be closer than our stated limits.
7.3 Prospects for microquasar search with AMS-
02
The AMS-02 experiment is a vast expansion, or perhaps fulfilment, of the concept of
AMS-01. Its core layout is the same-silicon tracker planes, time-of-flight hodoscope,
magnet-but several auxiliary detectors are added, and all components are vastly
improved. AMS-02 uses a superconducting magnet, with a bending power of 0.85
T m. The eight-layer silicon tracker has very good uniformity and high efficiency.
New components include a transition radiation detector, or TRD, which measures
the Lorentz factors of very high-energy particles; a ring-imaging Cerenkov detec-
tor (RICH)[19], which accurately measures particle velocities, and a lead/scintillator
sampling calorimeter. AMS-02 will fly for three years on the International Space
Station.
AMS-02 will be capable of a very powerful microquasar search. Several factors
will contribute:
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* AMS-02 will amass a very large and high-statistics dataset.
* It will have 5 x the momentum resolution of AMS-01.
* With more complete silicon tracker coverage, AMS-02 will be able to reconstruct
complex events, aiding in the calculation of scattering losses.
* Using the RICH, AMS-02 will be able to measure the deuteron fraction with
high accuracy.
* The silicon tracker efficiency will be much higher than that for AMS-02, with
correspondingly smaller uncertainties.
* A new trigger will be implemented for events with Z> 2, potentially reducing
systematic error on these nuclei.
With these new features, AMS-02 will be able to repeat the measurements de-
scribed in this work, with higher precision and resolution. In addition, with the abil-
ity to measure all species with high statistics, AMS-02 may be able to see evidence
of a microquasar simultaneously in the proton, helium, carbon, etc., spectra.
7.4 Summary and conclusions
We have described how microquasars may affect the cosmic-ray proton spectrum by
contributing large fluxes of mono-energetic particles. Data from the AMS-01 cosmic
ray spectrometer shows that the cosmic ray spectrum is a smooth powerlaw with no
additional features at the level of a few percent in the region 2-10 GeV. Based on
this analysis, we conclude that there can be no single microquasar of any substantial
power within 1 kpc of Earth in the past few million years.
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Appendix A
Fit procedure and error analysis
As discussed in Chapter 6, we have fit the high-energy spectrum to a simple power
law, and the entire spectrum to a solar-modulated power law.
We performed X2 fit using the MINUIT[43] function minimization package. The
fit function of Equation 6.2 is integrated in 100 steps over each bin to yield the true
number of counts per bin. Since the bin width scales with the detector resolution, we
do not attempt to 'unfold' the true spectrum from the resolution matrix.
In order to compute the error on each parameter, we scan that parameter, in
steps, through a range about its preferred value. At each step we float the other two
parameters; we observe that the value of X2 varies parabolically with each parameter.
We take the parameter error to be the deviation which drives the probability of X2
down by 68%. Since the minimum value of X2 is 14.75 (26 degrees of freedom), we
look for X2 = 32 to be excluded at 68%. The variation of X2 with respect to each
parameter is shown in Figure A-1.
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Figure A-i: Variation of X2 with respect to each parameter of a fit to Equation
6.2. The solid line shows a quadratic fit. The horizontal dotted line shows the 68%
exclusion value.
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